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'This  interim  report  covers  the  first  six  months  of  an  eighteen-month 
program  to  develop  an  X-band  solid  state  amplifier.  The  amplifier  is  the 
critical  component  of  an  all  solid  state  transceiver  module  for  use  in  active 
element,  airborne,  phased  array  radars.  The  performance  goals  are  an  output 
power  of  5 W with  25  dB  gain  over  the  9 to  10  GHz  frequency  band  with  an 
efficiency  ^ 20/  under  pulsed  conditions. 
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Two  approaches  are  being  pursued  to  meet  these  goals:  an  all  GaAs  FET 

amplifier  and  an  FET/Read  diode  hybrid  amplifier.  At  the  completion  of  the 
program,  two  amplifiers  of  each  type  will  be  delivered. 

The  effort  during  this  period  was  concentrated  on  GaAs  FET  development 
and  the  development  of  a three-stage  FET  driver  amplifier.  The  driver  ampli- 
fier will  be  used  in  both  amplifier  approaches.  A three-stage  driver  ampli- 
fier breadboard  has  been  completed  that  delivers  1.3  W with  19  dB  gain  and  20% 
efficiency  over  the  9 to  10  GHz  frequency  range 


PREFACE 


This  report  was  prepared  by  Texas  Instruments  Incorporated,  Dallas,  Texas 
under  Navy  Contract  No.  NOOl 73~76’-C-038A.  The  work  under  this  contract  is 
administered  and  funded  by  Naval  Air  Systems  Command.  Mr.  Eliot  Cohen  of  the 
Naval  Research  Laboratory,  Washington,  0.  C. , is  the  Scientific  Officer. 

At  Texas  Instruments  the  work  is  being  performed  in  the  Advanced  Components 
Laboratory  under  the  direction  of  Dr.  W.  R.  Wisseman,  Manager  of  the  Advanced 
Microwave  Components  branch. 

This  is  the  first  Semiannual  Technical  Report  for  the  contract.  It  covers 
work  done  from  30  September  197^  to  31  March  1977.  It  was  submitted  by  the 
authors  in  May  1977. 
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SECTION  I 


INTRODUCTION 


This  interim  report  covers  the  first  six  months  of  an  eighteen-month 
program  to  develop  an  X-band  solid  state  amplifier.  This  eighteen-month 
program  is  the  first  phase  of  a four-phase  program  that  is  expected  to  be 
completed  in  a five-year  period.  The  amplifier  developed  during  this  phase 
of  the  program  is  the  critical  component  of  an  all  solid  state  transceiver 
module  for  use  in  active  element,  airborne,  phased  array  radars.  The  ultimate 
goal  of  the  full  program  is  a test  bed  systems  demonstration  of  a 100-element 
array . 

The  amplifier  requirements  are  given  in  Table  I.  Two  approaches  are 
being  pursued  to  meet  the  amplifier  performance  goals;  an  all  GaAs  FET 
amplifier  and  an  FET/Read  diode  hybrid  amplifier.  At  the  completion  of  the 
program,  two  amplifiers  of  each  type  will  be  delivered. 

Section  II  of  this  report  describes  GaAs  FET  development.  To  date,  20 
GaAs  FETs  have  been  delivered  to  NRL  in  accord  with  the  contract  requirements. 
The  microwave  performance  of  these  devices  is  given  in  Tables  Al  and  A3  of 
Appendix  A.  No  Read  diode  development  is  required  to  meet  the  program  goals, 
since  this  technology  was  already  available  at  Texas  Instruments.  Twenty 
Read  diodes  have  been  delivered  to  NRL  (see  Tables  A2  and  A4) . 

Section  III  covers  the  amplifier  development  that  has  been  carried  out 
during  this  portion  of  the  program.  Most  of  the  effort  has  been  devoted  to 
the  development  of  a three-stage  FET  driver  amplifier  that  will  be  used  in 
both  the  all  FET  and  the  FET/Read  diode  hybrid  amplifiers. 

Section  IV  summarizes  the  progress  to  date  and  details  plans  for  the  next 
reporting  period. 
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Table  1 


X-Band  Sol  Id-State  Module 
Amplifier  Requirements 


Center  Frequency 

9.5  GHz 

1 dB  Bandwidth 

± 500  MHz 

Peak  rf  Output 

5 W Goa  1 , 4 W 

Pulse  Width 

2 - 20  qs 

Duty  Cycle 

Up  to  50% 

Overa 11  Gain 

25  dB 

Final  Stage  Gain 

5 dB  Minimum 

Riset ime 

< 50  ns 

Harmonic  and  Spurious  Output 

50  dB  Down 

Eff  ic iency 

Max imi zed 

Spectra  1 Pur i ty 

at  10  Hz 

> 1000  Hz 

Mini mum 


-48  dB/Hz 
-105  dB/Hz 


SECTION  II 


GaAs  FET  DEVELOPMENT 


A,  Epitaxial  Growth 


GaAs  FETs  at  Texas  Instruments  are  fabricated  using  vapor  phase  grown  epi- 
taxial structures.  Sem i au toma ted  reactor  systems  are  used  routinely  to  provide 
GaAs  material  for  GaAs  FETs,  as  well  as  for  other  microwave  devices,  such  as  Gunn 
diodes.  Read  diodes,  and  varactor  diodes.  The  systems  employ  the  Ga-AsCl^-H2 


system,  which  has  been  discussed  extensively  in  the  literature.  ’ ’ Figure 

I is  a photograph  of  such  a system.  All  FET  structures  at  present  contain  a 

1 7 -3 

high  resistivity  buffer  layer  between  the  active  layer  (N  ~ 10  cm  ) and  the 
Cr-doped  substrate.  The  low  doping  level  of  the  buffer  layers,  which  are 
typically  3 to  5 thick,  is  achieved  by  growing  in  a HCl-rich  atmosphere. 

An  additional  amount  of  AsCl^  is  added  to  the  gas  flow  downstream  from  the 
Ga  source.  A schematic  of  this  two-bubbler  system  is  shown  in  Figure  2.  The 
principle  of  such  a two-bubbler  system  has  been  described  previously  in  the 
literature.  along  with  the  reasons  for  the  observed  low  doping  levels. 

All  FET  material  is  grown  thicker  than  required  for  device  fabrication  and 
then  thinned  by  successive  anodic  oxidation  and  oxide  etching  cycles.  This 
process  is  se I f-l imi t i ng  in  such  a way  that  the  oxide  growth  stops  as  soon  as 
the  surface  depletion  layer,  wiih  bias  applied,  reaches  the  buffer  layer. 

Then  the  structure  is  not  biased  any  more  beyond  the  avalanche  condition,  and 
holes  required  for  oxide  growth  are  not  available.  Before  submitting  the 
material  to  device  fabrication,  the  layer  thickness  is  measured  on  cleaved 
and  etched  cross  sections,  and  the  doping  profile  is  measured  using  C-V  data 
taken  with  a mercury  probe. 


Figure  3 presents  a typical  profile.  It  is  important  to  note  that  series 
resistance  effects  of  FET  structures  introduce  errors  into  doping  profiles 
and  that  the  real  profile  always  lies  below  the  measured  data  in  regions 
approaching  the  buffer  layer. 
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Ficjure  I PhotOfjr.iph  of  an  Automatic  GaAs  Fpitaxia)  Deposition  System 
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B . Dev  i ce  Des i gn 

The  power  and  gain  requirements  for  the  power  amplifier  and  for  eacn  stage 
of  the  driver  amplifier  are  discussed  in  Section  III  of  this  report.  These 
requirements  are  listed  in  Table  2,  assuming  no  circuit  loss.  In  practice,  the 
devices  must  deliver  0.5  to  1 dB  higher  output  power  to  overcome  circuit  losses. 

GaAs  FET  output  power  increases  with  increasing  gate  widths,  and  it  is 
necessary  to  make  the  gate  width  large  enough  so  that  the  devices  can  readily 
achieve  the  required  output  power  without  employing  such  high  drain  voltages 
that  device  reliability  becomes  a problem.  With  present  devices  that  have  a 
thermal  resistance  of  about  20°C/W  (4800  urn  gate  width)  and  no  n^  layers  under 
the  ohmic  contacts,  drain  voltages  greater  than  about  10  V are  probably  unaccep- 
table from  a reliability  standpoint.  It  is  also  necessary  that  the  gate  width 
not  be  so  large  that  the  device  efficiency  decreases.  Our  experience  indicates 
that  the  maximum  efficiency  is  obtained  when  the  device  is  operated  so  that  its 
gain  is  compressed  4 to  5 dB  from  the  small  signal  gain.  Device  designs  with 
gate  widths  that  are  slightly  too  large  can  be  accommodated  by  reducing  the  pinch- 
off  voltage  with  a larger  gate  recess  (see  Section  II. C),  but  below  some  value 
(typically  3 to  4 V),  the  gain  also  decreases.  The  use  of  lower  drain  voltages 
is  usually  not  satisfactory  because  the  sn.a  I 1 signal  gain  drops  with  drain  voltage, 
and  ordinarily,  all  the  gain  available  is  needed. 

The  first  driver  stage  requirements  (Table  2)  are  met  by  presently  available 
300  urn  gate  width  devices.  Currently  available  1200  urn  gate  width,  single-cell 
devices  have  gate  widths  that  are  slightly  too  large  (900  urn  to  1000  urn  would  be 
better),  but  are  adequate  for  the  second  driver  stage.  The  third  driver  stage 
and  power  stages  require  multicell  power  devices  to  achieve  the  specified  output 
powe  r s . 


At  the  outset  of  this  program,  FET  performance  results  obtained  under  AFAL 
Contract  No.  F336 1 5-7&-C- 1 309  indicated  that  the  4800  pm  gate  width  devices  then 
available  would  not  meet  the  power  amplifier  goal  at  safe  drain  bias  levels  (8  to 
10  V)  when  it  was  considered  that  3 W would  probably  be  needed  to  overcome  circuit 
losses.  This  is  illustrated  In  Figure  4,  where  the  influence  of  gate  width  and 
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Table  2 

Power  and  Gain  Requirements  for  Each 
Stage  of  the  Driver  and  Power  Amplifiers 


Stage 

Gain  (dB) 

Output 
Power  (mW) 

1st  Driver 

9 

125 

2nd  Driver 

6 

500 

3rd  Driver 

5 

1585 

Power  Ampl i f ier 

5 

2500- 

The  outputs  of  two  FETs  are  combined  to  give  5 W 
output  power. 
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lenqth  on  device  microwave  performance  is  shown.  The  maximum  output  power  with 
dB  gain  at  8 V drain  bias  is  plotted  as  a function  of  total  gate  width  (varied 
by  bonding  from  one  to  four  cells  of  the  same  device)  at  several  frequencies. 

Data  are  included  from  an  older  2 urn  gate  length,  2400  pm  gate  width  device  and 
a 1 .im  gate  length,  4800  pm  gate  v/idth  device.  Even  though  the  2 pm  device  had 
higher  output  power  at  shorter  gate  v/idths  and  lower  frequencies  due  to  superior 
material  parameters,  the  I pm  devices  were  far  superior  at  higher  frequencies  and 
larger  gate  widths.  The  reason  is  that  the  gain  of  both  devices  was  degraded  by 
interconnecting  multiple  cells,  but  the  higher  small  signal  gain  of  the  I pm 
devices  caused  them  to  remain  in  saturation  at  the  4 dB  gain  level  under  condi- 
tions where  the  2 pm  devices  could  not.  The  results  from  the  devices  of  Figure 
4 and  other  similar  devices  demonstrated  that  the  present  program  would  require 
devices  with  gate  lengths  of  I pm  or  less  with  a total  gate  width  of  somewhat 
more  than  4800  pm  for  the  final  stage. 


It  is  known  theoretically  that  when  the  gate  finger  width  is  too  great,  the 
attenuation  and  phase  shift  of  the  rf  signal  will  reduce  gain.  A rough  idea  of 
when  this  occurs  can  be  obtained  by  treating  a gate  finger  as  an  R-C  transmission 
line  with  resistance  r per  unit  length  and  capacitance  c per  unit  length.  The 
equation  for  voltage  v along  this  line  is 


j j.rcv 


where  j = .,-1  and  u.  = the  operating  frequency.  This  equation  is  solved  by 


v(Z)  = A ^ . 

Requiring  v(Z  — "n)  ■ 0 gives 

,,,  . -j.  xrc/2  1 xrc/2  Z 

V (Z)  = A e •'  e ■ 

Changes  in  the  first  exponent  shift  the  phase  of  the  impressed  signal,  and  as  the 
second  exponent  becomes  large,  the  signal  is  attenuated.  Therefore,  as  Z is 
increased  (as  one  moves  down  a gate  finger)  the  impressed  signal  is  attenuated 
and  shifted  in  phase.  The  attenuation  reduces  the  output  voltage,  and  the  phase 
shift  causes  the  output  voltage  at  one  end  of  the  gate  to  be  slightly  out  of 
phase  with  that  at  the  other  end,  producing  some  cancellation.  Both  of  these 
effects  will  reduce  the  apparent  device  gain.  For  a 1 pm  gate  r may  be  about 
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OUTPUT  POWER  (W) 


Table  3 


Microwave  Performance  as  a Function 


of  Gate  Finger  Width  for  GaAs 


Power  FETs  Having 

1 H'fn  Gates 

and  1 200  p.m  Tota  1 

Gate  Width 

Maxitnum  Gain 

Maximum  Pq^j- 

Maximum  Pq^j. 

With  Pjpi  = 15  dBm, 

W i t h 4 dB  Gain, 

With  6 dB  Gain. 

F requency 

Gate  Finger 

5 V Drain  Bias 

8 V Drain  Bias 

8 V Drain  Bias 

(SHz) 

Width  (^itn) 

(dB) 

(mW) 

(mW) 

8 

150 

8.2 

890 

810 

200 

8,2 

910 

830 

300 

7.4 

910 

660 

10 

150 

7.0 

850 

520 

200 

7.0 

790 

480 

300 

5.9 

600 

300 

12 

150 

6.2 

660 

_ 

200 

5.7 

500 

- 

300 

5.0 

340 

- 

1 I 


750  w/cm  and  c about  10  pF/cm.  The  attenuation  and  phase  shift  would  probably  be 
serious  when  .,iijrc/2  Z I,  which  corresponds  to  Z ^ 200  urn  at  10  GHz. 

Since  r and  c are  not  known  very  accurately  and  the  precise  value  of  Jmrc/2  1 
at  which  device  gain  begins  to  be  seriously  degraded  is  not  known,  the  effect  was 
determined  experimentally.  This  was  done  by  using  a mask-set  which  had  adjacent 
devices  with  different  gate  finger  widths,  but  with  the  same  total  gate  width. 

The  results  from  a typical  slice  are  shown  in  Table  3.  At  10  GHz  the  finger  width 
could  be  as  large  as  200  um  before  performance  was  degraded.  At  12  GHz  this  maxi- 
mum finger  width  was  less  than  150  um. 

The  data  from  Table  3,  Figure  4,  and  similar  devices  led  us  to  pick  a 
four-cell,  6400  uTi  total  gate  width  device  with  200  um  fingers  as  the  vehicle 
for  meeting  the  power  amplifier  goal.  It  was  originally  thought  that  three 
cells  (4800  ,*m  gate  width)  of  this  device  would  be  used  for  the  third  driver 
stage  and  one  cell  for  the  second  stage.  However,  at  that  time  the  lower 
efficiency  accompanying  a wider  than  necessary  gate  width  was  not  fully  ap- 
preciated. It  is  now  thought  that  only  two  cells  (3200  un  gate  width)  will  be 
best  for  the  third  driver  stage,  but  one  cell  (1600  uni  gate  width)  is  too 

large  for  the  second  driver  stage.  , 

Figure  5 shows  two  photographs  of  a 6400  um  gate  width  device  slice  during 
fabrication.  The  gate  length  is  about  1 um.  Other  parameters  have  been 
kept  about  the  same  as  those  determined  previously;  the  source-drain  spacing 

17  3 

is  about  5 um,  the  epitaxial  doping  level  is  about  1 x 10  carriers/cm  , and 

the  basic  design  is  unchanged.  Included  on  the  slice  are  several  test  patterns  i 

for  measuring  capacitance  as  a function  of  voltage  (to  determine  the  epitaxial  .) 

doping  profile),  contact  and  sheet  resistance,  and  gate  metal  1 i zat i on  resistance. 

i 

C.  Device  Fabrication 

The  device  fabrication  process  is  basically  the  same  as  that  developed 

ft  • 1 n 

under  AFAL  Contracts  No,  F3361 5-75-C-l 1 23  and  F336I 5“76-C-l 309-  Minor 
changes  have  been  made  to  improve  the  yield  of  good  devices. 

! 

J 
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The  first  step  folltjwing  receipt  of  the  anodically  thinned  slices  is 
to  etch  mesas  through  the  active  layer  to  isolate  the  source  and  drain  except 
for  the  channel  under  the  gate  and  to  provide  an  insulating  surface  for  the 
gate  bonding  pad.  The  slices  are  etched  with  H2S0^/H202/H20:  1/8/40  at 

room  temperature  for  about  30  seconds.  This  etch  does  not  attach  the  photoresist 
and  does  not  etch  excessively  near  the  resist  edges. 

The  next  step  is  source/drain  metallization.  The  pattern  is  defined  in 
photoresist,  and  the  metal  is  evaporated  over  the  slice  and  removed  from 
regions  where  it  is  unwanted  by  dissolving  the  resist  in  acetone  (the  lift-off 

o 

process).  The  metallization  is  1500  A eutectic  composition  AuGe  followed  by 

; 8 

500  n Ni.  The  contacts  are  made  ohmic  by  alloying  for  one  minute  at  450°C 
in  flowing  He.  This  metallization  system  provides  very  smooth,  low  resistance 
contacts  with  sharp  edge  definition.  The  contact  resistance  is  typically 
0.3  per  mm  gate  width  for  slices  having  n ~ 1 x lo'^/cm^  and  has  been  extra- 
polated to  increase  about  50  after  10^  hours  of  operation  at  165°C, 

The  gate  metal  1 i zat i on  is  also  defined  by  a lift-off  process,  but  the  defini- 
tion is  by  electron  beam  instead  of  ultraviolet  light.  The  electron  resist  is 
polymethyl  methacrylate  (PMMA),  and  the  gate  is  lifted  off  with  acetone  similar 
to  the  source/drain  metallization.  The  gates  are  automatically  realigned 
within  the  5-m  source/drain  gap  to  alignment  marks  in  every  2 mm  x 2 mm  "field" 

o 

to  3:  2000  . These  marks  are  the  "L"-shaped  patterns  in  Figure  5 and  were 

put  down  vnth  the  source/drain  n>e t al  1 i zat  i on.  The  gate  length  can  be  varied 
by  simply  reprogramming  the  electron  beam  computer,  and  gate  lengths  of  0.3  Am 
or  less  are  well  within  the  machine's  capability.  The  yield  of  devices  with 
no  shorted  or  open  gate  fingers  following  gate  definition  is  substantially 
higher  when  electron  beam  definition  rather  than  conventional  contact  printing 
is  used,  due  to  mask-slice  abrasion  and  mask  run-out  with  the  latter.  The 
PMMA  thickness  is  5000  to  7000  A,  and  a 4000  A AI  film  is  readily  lifted  off. 
Aluminum  is  chosen  as  the  gate  metal  because  of  the  ease  with  which  it  is 
evaporated  and  its  ability  to  produce  good  Schottky  barriers  to  GaAs  even 
after  annealing  at  400°C  or  more.  An  important  step  is  to  etch  the  slice 
slightly  in  H2S0j^/H202/H20:  1/8/40  at  5*  C immediately  prior  to  gate  metal- 

lization in  order  to  recess  the  gate  below  the  epitaxial  surface.  This  has 

9 

been  found  to  improve  device  microwave  performance  s igni f / can t I y. 
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Following  gate  me  tall i zat i on . a 0.5  M.m  layer  of  Cr/Au  (defined  by  lift-off) 
is  evaporated  onto  the  source  and  drain  to  improve  current  spreading  to  the 
contact  edges  and  bondability.  A nitride  layer  is  then  plasma-deposited  on 
the  active  areas  to  protect  them  from  scratches  and  shorts  to  the  source  wires. 
This  is  the  stage  at  which  the  photographs  of  Figure  5 were  taken.  Next,  a 
10  -m  layer  of  Au  is  plated  to  the  sources  and  drain  pads  to  aid  in  bonding,  and 
the  slice  is  lapped  to  100  urn. 

It  is  very  important  that  device  thermal  resistance  be  as  low  as  possible 
because  gain  decreases  about  0.1  dB  for  every  10°  C temperature  rise.  For  this 
reason,  devices  are  soldered  directly  to  Cu  blocks  which  are  clamped  between 
larger  Cu  blocks  supporting  the  input  and  output  impedance  matching  circuits. 
These  larger  blocks  are  screwed  to  a water-cooled  heat  sink  during  microwave 
testing.  Measurements  on  well-mounted  devices  and  calculations  with  4800  ^i.m 
gate  width  devices  indicate  a thermal  resistance  to  the  hottest  point  of  about 
20°C/W.  Measurements  with  200  uni  wide  gate  fingers  indicate  about  25A  higher 
temperature  than  with  150  urn  fingers,  so  the  present  6400  ,*m  gate  width  chips 
probably  also  have  about  20°C/W.  SEM  photographs  of  a mounted  6400  u.ni  gate 
width  device  are  shown  in  Figure  6. 

The  method  of  interconnecting  cells  of  multicell  devices  is  very  important. 
With  all  schemes  investigated  so  far  there  has  been  some  gain  reduction  when 
cells  are  interconnected.  It  has  been  known  for  some  time  that  a bond  wire 
should  interconnect  each  of  the  gate  pads  and  each  of  the  drain  pads  on  the 
chip.  Figure  6 shows  a device  bonded  in  this  manner. 

D.  Device  Performance 

The  best  10  GHz  microwave  performance  observed  to  date  from  several  different 
gate  width  devices  operating  at  8 V drain  bias  is  summarized  in  Table  4.  The  mod- 
ule stage  for  which  the  device  was  intended  is  also  listed.  As  mentioned  in  Sec- 
tion II. B,  the  first  and  second  stage  requirements  have  been  met,  although  oper- 
ating the  1200  um  device  under  conditions  that  will  produce  less  power  may  reduce 
the  gain  arirf/c  efficiency.  The  best  3200  pm  device  had  lower  gain  than  the  best 
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10  GHz  Microwave  Performance  of  GaAs  FETs  with  Several  Different  Gate  Widths 


2400  device,  probably  because  many  more  of  the  latter  have  been  tested,  since 
their  photomask  sets  have  been  available  for  a much  longer  time.  Consequently, 
2400  M.m  devices  having  more  nearly  ideal  parameters  for  power  generation  have 
been  fabricated.  The  6400  |j,m  gate  width  device  had  sufficient  gate  width  to 
provide  the  necessary  power  for  the  power  stage,  but  the  gain  was  too  low, 
and  the  impedance  could  not  be  matched  at  10  GHz.  The  reason  is  probably  that 
the  increased  finger  size  over  1200  ...m  gate  width  cells  increases  the  gate 
capacitance  by  a proportionate  amount,  making  the  input  impedance  more  dif- 
ficult to  match.  The  drain-source  capacitance  is  increased  by  the  same  factor. 

In  addition,  the  source-drain  spacing  is  reduced  about  20/  from  the  older 
devices,  further  increasing  the  drain-source  capacitance  and  making  the  output 
impedance  more  difficult  to  match. 

It  is  possible  to  obtain  higher  output  powers  than  those  listed  in  Table  4 
by  operating  the  devices  at  higher  drain  voltages,  as  shown  in  Figure  7,  This 
figure  is  a plot  of  maximum  output  power  with  4 dB  gain  at  10  GHz  as  a function 
of  drain  voltage  for  a 3200  ^.m  gate  width  device.  The  power  saturated  as  a func- 
tion of  drain  bias  due  to  Joule  heating  of  the  device  and  breakdown  of  the  gate 
Schottky  barrier  at  higher  voltages.  The  maximum  output  power  of  3 W was 
very  high  (close  to  I W/mm  gate  width),  but  the  difficulty  in  matching  the 
impedance  when  more  cells  were  added  prohibited  comparable  three-  and  four-cell 
results.  It  is  desirable  to  operate  devices  at  lower  drain  voltages  to 
achieve  reliable  operation,  however.  Many  more  device  failures  occur  at 
high  drain  voltages;  the  temperature  is  higher;  and  after  operation  at  the 
highest  voltages,  the  gain  has  sometimes  been  observed  to  be  permanently  degraded 
by  0 . I to  0. 3 dB. 
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SECTION  III 


amplifier  development 


The  circuit  effort  performed  during  the  first  six  months  of  the  X-band 
solid-state  module  program  was  directed  toward  the  demonstration  of  a bread- 
board FET  driver  amplifier  that  is  capable  of  producing  32  dBm  (1.58  W)  of 
output  power  with  20  dB  gain  over  a I dB  bandwidth  of  I GHz  (9  to  10  GHz). 
This  driver  amplifier  will  be  cascaded  with  an  output  stage  (either  FET  or 
Read  amplifier),  to  be  developed  during  the  later  portion  of  the  program,  to 
achieve  the  5 W output  power  goal  with  25  dB  gain  over  the  9 to  10  GHz 
frequency  range.  This  section  of  the  interim  report  describes  progress  made 
during  the  first  six  months  of  this  program  for  development  of  the  FET 
driver  amplifier.  Previous  work  at  Texas  Instruments  on  GaAs  FET  power 
amplifier  has  been  published.''  This  section  also  includes  the  results  of 
a preliminary  evaluation  of  the  driver  amplifier  under  pulsed  operation  and 
AM  additive  noise  data.  Finally,  the  design  and  performance  of  a 3 dB  hybrid 
coupler  for  the  FET  power  amplifier  are  discussed. 

A . Amplifier  Configurations 

1 . All -FET  Power  Amplifier 

Figure  8 shows  an  all-GaAs  FET  power  amplifier  configuration,  "^he 
amplifier  consists  of  a driver  amplifier  and  a power  amplifier.  The  driver 
amplifier  provides  20  dB  gain  at  32  dBn;  (1.58  W)  output  with  three  cascaded 
FET  amplifier  stages.  Figure  9 shows  the  circuit  layout  of  the  all-GaAs 
FET  power  amplifier  module.  The  three-stage  driver  amplifier  is  shown  in 
the  upper  left-hand  section  of  the  amplifier  module.  The  first  six  months 
of  the  circuit  effort  have  been  concerned  primarily  with  the  design  and 
optimization  of  the  driver  amplifier. 
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-FET  Power  Amplifier  Configurat 


2. 


FET/Read  Hybrid  Amplifier 


The  second  amplifier  configuration  is  shown  in  Figure  10.  It 
consists  of  a GaAs  FET  driver  amplifier  and  a GaAs  Read  diode  amplifier  as 
the  output  stage.  The  driver  amplifier  is  the  same  as  that  shown  in  Figure 
8,  and  is  to  have  an  output  power  level  of  32  dBm  (1.58  W)  to  drive  the 
Read  diode  stage.  The  circuit  layout  of  the  hybrid  amplifier  is  shown  in 
Figure  II  and  is  similar  to  that  of  the  amplifier  shown  in  Figure  9 for  the 
all-FET  power  amplifier  configuration,  except  for  the  replacement  of  the  power 
FET  output  stage  by  the  circulator-coupled  Read  diode  amplifier. 

B.  Four-Stage  Breadboard  Driver  Amplifier  Development 

A prototype  breadboard  driver  amplifier  using  GaAs  power  FETs  with  I _m 
e-beam  defined  gates  was  designed  and  fabricated  during  the  early  portion  of 
the  first  six  months  of  the  program.  For  this  purpose,  a single-cell 
(1200  .*m  gate  width)  device  was  used  in  each  stage  of  a three-stage  amplifier 
module  with  dimensions  of  4.8  cm  x 3.3  cm  x 1.8  cm  (1.9  in.  x 1.3  in.  x 0.7  in.). 
Figure  12  shows  this  three-stage  amplifier.  A single-ended  design  with 
interstage  impedance  matching  was  used.  Each  of  the  input/output  circuits 
and  interstage  matching  networks  was  fabricated  on  a 15.2  mm  (0.300  in.) 
by  15.2  mm  (0.300  in.)  alumina  substrate  (0.25  mm  thick).  A single  secticin 
of  edge-coupled  line  was  used  as  part  of  the  interstage  matching  networks  and 
dc  blocking  between  stages.  The  FET  chip  was  mounted  on  a gold-plated  copper 
carrier  that  fits  into  a slot  on  the  amplifier  housing.  With  an  input  power 
of  10  mW , this  amplifier  delivers  500  mW  of  output  power  with  a gain  of 
17  - 0.15  dB  over  the  design  bandwidth  of  I GHz  (9  to  10  GHz).  Figure  13 
shows  the  gain-frequency  response  of  this  amplifier.  The  power  supplies 
required  for  this  module  are  + 9 V at  0.5  A and  - 2.7  V.  The  power-added 
efficiency  is  10/'.  To  increase  the  output  power  level,  a single-stage  power 
FET  amplifier  with  a three-cell  device  (3&00  p,m  gate  width)  was  cascaded 
with  the  0.5  W amplifier  module  described  above.  Figure  14  shows  the 
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gain-frequency  response  of  the  four-stage  amplifier.  Over  the  design  1 dB 
bandwidth  of  1 GHz  (9  to  10  GHz),  an  output  power  of  1.58  W was  achieved 
with  a 20  dB  gain.  The  overall  dc-to-rf  conversion  efficiency  is  14.5  7,. 

It  has  thus  been  shown  that  the  output  power,  gain,  and  bandwidth  goals  of 
the  driver  amplifier  shown  in  Figure  8 are  achievable.  As  will  be  discussed 
in  Section  III.C,  further  optimization  of  the  device  size  (gate  width)  for 
each  stage  has  resulted  in  a three-stage  driver  amplifier  with  about  the 
same  output  power  and  gain  and  an  overall  efficiency  of  20  to  25''. 

C . Three-Stage  Breadboard  Driver  Amplifier  Development 

The  second  three  months  of  the  program  were  devoted  to  the  efficiency- 
gain  optimization  of  the  driver  amplifier  stages  for  obtaining  maximum 
efficiency.  For  this  purpose,  devices  with  various  gate  widths  were  used 
in  different  microstrip  circuits  optimized  for  maximum  gain  and  efficiency 
at  X-band. 

GaAs  FET  devices  with  300  ,^m  gate  width  and  1 ,»m  gate  length  were  used 
as  the  first  stage  of  the  driver  amplifier.  Figure  15  shows  the  gain- 
frequency  and  efficiency  characteristics  of  this  amplifier.  The  amplifier 
has  an  output  power  of  100  mW  with  8 dB  gain.  The  1 dB  bandwidth  is  2.7 
GHz  (7.7  to  10.4  GHz).  Power-added  efficiencies  in  excess  of  30/,  have  been 
achieved. 

For  the  second  stage  of  the  driver  amplifier,  the  design  goal  was  6 to  7 dB 
gain  at  500  mW  output.  Two  300  urn  gate  width  GaAs  FETs  on  the  same  chip  were 
mounted  in  single-stage  microstrip  amplifier  circuits  for  gain-efficiency 
optimization.  With  6 V drain  bias,  151  mW  was  obtained  at  9.5  GHz  with  9.8  dB 
gain.  The  gains  of  the  amplifier  were  in  excess  of  8 dB  for  frequencies 
between  7 and  10.1  GHz  with  12  dBm  input.  Within  the  9 to  10  GHz  band,  the 
gain  was  9.5  - 0,3  dB,  This  amplifier  could  be  used  for  the  first  stage  of 
the  driver  amplifier  instead  of  the  amplifier  described  above  utilizing  a 
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Figure  15  Gain-Frequency  and  Efficiency  Characteristics  of  the  First 
Stage  of  the  Driver  Amplifier 


single  300  M.m  GaAs  FET,  The  two-ce I I amp  I i f i e r cou Id  offer  a reliability 
advantage.  With  increase  of  the  drain  voltages  to  7 and  8 V,  the  amplifier 
provides  an  output  power  of  400  mW  and  447  mW  at  a gain  of  6 and  6.5  dB, 
respectively,  at  9.5  GHz.  The  power-added  efficiencies  were  in  the  range 
of  35  to  40/.  Under  these  conditions,  the  amplifier  could  be  used  as  the 
second  stage  of  the  driver  amplifier  at  an  output  power  level  of  400  to 
500  mW  and  6 to  7 dB  gain. 

Cascading  the  amplifier  described  above  with  the  100  mW,  8 dB  gain 
amplifier  using  the  300  FET  produces  the  gain-frequency  response  shown 
in  Figure  l6.  The  figure  shows  that  this  two-stage  amplifier  can  provide 
an  output  power  in  excess  of  400  mW  with  14  dB  gain.  Power-added  efficiencies 
as  a function  of  frequency  are  also  plotted  in  the  same  figure.  Efficiencies 
on  the  order  of  33  to  36  have  been  achieved. 

For  the  third  stage  of  the  driver  amplifier,  experimental  results 
indicate  that  an  FET  with  a total  gate  width  between  2400  m-'ti  and  3600  um 
will  be  adequate  to  produce  an  output  power  of  1.5  to  1.6  W with~  5 dB 
gain  and  20  to  25/,  power-added  efficiency.  With  a 2400  ^m  gate  width  FET. 
an  output  power  of  1.5  W with  4.8  dB  gain  and  24/,  efficiency  has  been  achieved. 
The  linear  gain  is  5 dB. 

Attempts  were  made  to  cascade  this  1.5  W amplifier  with  the  two-stage 
amplifier  having  the  performance  shown  in  Figure  16  to  achieve  the  per- 
formance goals  of  the  three-stage  driver  amplifier.  Unfortunately,  the 
output  FET  was  damaged  during  the  circuit  integration  procedure,  and  it  was 
necessary  to  use  an  output  stage  with  lower  efficiency  and  output  power  in 
the  three-stage  amplifier.  Figure  17  shows  a block  diagram  of  the  three- 
stage  driver  amplifier  with  the  measured  gains  and  dc  currents,  etc.,  indicated. 
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It  is  shown  that  an  output  power  of  1.3  W with  19  dB  gain  and  20/  overall 
amplifier  efficiency  was  achieved.  Table  5 summarizes  the  performance  of 
the  individual  stages  and  cascaded  amplifiers.  The  projected  three-stage 
amplifier  performance  is  based  on  the  use  of  the  24/  efficient,  4.8  dB  gain, 
ana  1.5  W amplifier  as  the  output  stage.  It  is  shown  that  an  output  power 
of  1.5  W with  19.1  dB  gain  and  257  efficiency  could  have  been  achieved  if 
the  more  efficient  output  stage  had  been  used.  Figure  I8  shows  a photograph 
of  the  three-stage  driver  amplifier  with  the  bias  network,  dc  bias  pins, 
and  input/output  rf  connectors.  As  mentioned  earlier,  the  individual  stages 
were  characterized  in  terms  of  gain,  bandwidth,  and  output  power  prior  to 
cascading  in  the  three-stage  housing.  In  the  final  des  of  the  driver 
amplifier,  a circuit  design  approach  similar  to  that  shown  in  Figure  12 
will  be  used. 

On  the  basis  of  the  results  obtained  for  the  breadboard  driver  amplifier, 
the  following  conclusions  have  been  reached  concerning  the  optimum  sizes 
(gate  widths)  to  be  used  for  maximizing  the  efficiency,  with  due  consideration 
also  for  reliability.  The  first  stage  of  the  driver  amplifier  should  have 
300  M.m  total  gate  width,  the  second  stage  900  ^.m,  and  the  third  stage  3200  um, 

D . RF  Measurements 

1 , Pulse  Data 

Evaluation  of  the  FET  amplifier  under  pulsed  conditions  has  been 
successfully  performed  on  single-  and  multicell  FETs  using  a pulse  biasing 
scheme  that  pulses  the  gate  from  the  pinch-off  condition  to  the  nominal 
gate  bias.  The  input  rf  is  applied  as  a cw  signal,  while  the  output  of  the 
FET  amplifier  pulses  on  and  off  according  to  the  gate  bias.  The  drain  voltage 
is  maintained  at  a constant  value. 
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Table  5 

FET  Driver  Amplifier  Performance 

Stage  I +2+3 


1 

2 

3 

1 +2 

Actua 1 

Proj  ected 

Output  Power  (mW) 

100 

447 

1500 

423 

1300 

1500 

Gain  (dB) 

8 

6.5 

4.8 

14.3 

19.0 

19.  1 

Efficiency  (/,) 

34 

37.7 

24 

36 

20 

25 

1 dB  Bandwidth  (GHz) 

8.0-10,4 

00 

00 

1 

o 

KjJ 

9.0-10.0 

8.4-10.2 

9.0-10.0 

9.0-10.0 
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Figure  19  shows  the  system  used  for  the  pulse  measurements.  A cw 
source  such  as  a sweeper/TWTA  combination  provides  the  input  signal  to  the 
FET  amplifier  under  test.  The  gate  pulsing  circuit  generates  the  proper 
level  and  polarity  for  the  gate  signal.  It  is  driven  by  an  HP  2I4A  pulse 
generator.  The  rest  of  the  system  consists  of  standard  calibration  and 
power-monitoring  equipment  for  measuring  gain  under  cw  and  pulsed  conditions. 

A cry^-tal  detector  (HP  8470B)  is  used  to  display  the  output  power  on  the 
oscilloscope.  The  scope  is  also  used  to  monitor  the  gate  voltage.  The 
detector  output  is  calibrated  under  cw  conditions  using  the  precision  attenuator 
and  power  meters  without  the  an^plifier  under  test.  After  the  detector  is 
calibrated,  the  test  amplifier  is  inserted,  and  a cv;  power  reference  datum 
is  established  on  the  CRT  screen.  During  pulsed  operation,  the  relative 
power  of  the  pulsed  output  can  be  compared  with  the  cw  datum. 

Figure  20  shows  a typical  pulse  response  for  a 200  ns  pulse  as 
detected  by  the  crystal  detector  and  displayed  on  the  CRT  screen  (upper  trace) 
of  the  oscilloscope.  The  device  under  test  is  a two-cell  FET  with  an 
electron-beam  defined  gate;  the  total  gate  width  is  2.4  mm,  the  nominal 
gate  length  is  I -m,  and  the  input  rf  power  is  26  dBm.  For  the  upper  trace 
the  cw  reference  is  set  at  one  division  from  the  top  graticule  line  and 
corresponds  to  a cv/  output  power  of  29.6  dBm,  As  seen  fron.  the  photograph, 
the  output  power  during  the  pulse  is  nearly  identical  to  the  cw  output 
power,  even  after  rf  retuning  for  the  pulsed  mode  of  operation.  During 
the  off  portion  of  the  cycle,  the  gate  voltage  is  nearly  at  pinch-off  at 
-8.7  V.  and  during  the  on  portion,  it  is  adjusted  for  maximum  output  power. 

The  risetir.e  of  the  rf  output  pulse  is  determined  by  the  risetime  of  the 
gate  voltage  waveform,  and  in  the  case  of  Figure  20,  is  seen  to  be  about 
30  ns.  It  must  be  noted  that  the  calibration  for  the  upper  trace  is  highly 
nonlinear  (due  to  the  detector  charac t er i s t i c)  and  that  the  output  power 
difference  between  the  on  and  off  portions  of  the  pulse  is  actually  about 
II  dB.  Since  the  output  power  during  the  pulse  is  nearly  identical  to  the 
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Duty  Cyc  le  : 0.2/ 

Transistor  Bias  Conditions:  V_  = 8 V,  L 290  mA,  V = -1.8  V 

u D g 

F requency : 9 GHz 

FET:  2 cell  (2.4  min  gate  width)  with  electron  beam  defined  gate 

(~  I pm  gate  length) 


Figure  20 


Pulsed  Response  for  a Two-Cell 


FET.  V, 


8 V 
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cw  power  output  for  even  the  first  200  ns  in  Figure  20,  the  amplitude  droop 
for  varying  pulse  widths  { > 200  ns)  and  duty  cycles  is  negligible  for  this 
transistor  under  the  given  bias  conditions.  This  is  true  in  part  because 
the  total  dc  input  power  is  at  a relatively  low  level  so  that  heating  of 
the  device  during  cw  operation  is  not  sufficient  to  cause  significant  power 
degradation,  as  compared  to  short  pulse,  low  duty  cycle  operation  when  the 
device  is  at  a cooler  temperature. 

Figures  21  and  22  show  the  pulse  operation  of  the  same  transistor 
biased  at  a higher  drain  voltage  of  = 10  V.  The  pulse  lengths  are  20  „s 

and  1 ms,  respectively,  and  as  before,  the  gate  voltage  and  rf  tuning  are 
adjusted  for  maximum  output  power.  The  input  power  is  26  dBm,  and  the  cw 
output  power  is  30  dBm.  Again,  the  cw  reference  datum  is  set  one  division 
below  the  top  graticule  line.  Because  of  the  increased  dc  power  input, 
a power  advantage  does  occur  in  this  case  for  the  short  pulse  low  duty  cycle 
operation  in  comparison  to  the  cw  mode.  However,  the  increase  in  power  is 
only  about  0.4  dB  for  pulse  lengths  between  200  ns  and  1 m,  s and  is  even 
smaller  for  a 20  ..  s pulse,  as  shown  in  Figure  21.  Figure  22  shows  that  for 
a very  long  pulse,  for  example  greater  than  0.6  ms.  the  output  power  has 
essentially  approached  the  cw  level.  That  is,  for  the  two-cell  FET  shown 
in  Figures  21  and  22  and  for  the  bias  conditions  indicated,  amplitude 
droop  occurs  up  to  0.5  ms,  although  the  magnitude  of  this  droop  is  only 
about  0.8  dB/ms, 

2 . Noi se 

Preliminary  AM  additive  noise  measurements  have  been  made  on  the 
four-stage  driver  amplifier  at  9.4  GHz  from  I kHz  to  200  kHz  away  from  the 
carrier.  Although  the  design  goal  is  specified  for  the  final  37  dBm  amplifier, 
the  AM  additive  noise  for  the  32  dBm  driver  amplifier  is  about  30  dB  below 
this  design  goal  at  I kHz  away  f ron\  the  carrier,  and  ever  further  below  for 


Cw  Reference 
^out  = 


Vertical  - upper  trace:  2 dB/div  (between  ± I dB  marks) 

Vertical  - lower  trace:  5 V/div 

Horizontal-  5 ps/div 

Input  Power:  26  dBm 

Duty  Cycle:  4/ 

Transistor  Bias  Conditions:  V.  10  V,  1^  308  mA,  V -1.9 

D D g 

F requency ; 9 GHz 

FET ; Same  as  in  Figure  20 


Figure  21  Pulsed  Response  for  a Two-Cell  FET,  Vp  10  V 
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Vertical  - upper  trace:  2 dB/div  (between  ± 1 dB  marks) 

Vertical  - lower  trace:  5 V/div 

Horizontal;  500  us/div 
Input  Power:  26  dBm 

Duty  Cycle;  3/ 

Transistor  Bias  Conditions:  V^  10  V,  1^  305  mA,  V^  - -1.9 

Frequency : 9 GHz 

FET;  Same  as  in  Figures  20  and  21 


gure  22  Pulsed  Response  Showing  Amplitude  Droop  for  a Two-Cell  FET 
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frequencies  greater  than  1 kHz  away.  In  other  words,  there  is  roughly  a 30 
dB  margin  of  additive  noise  allowed  for  the  final  power  stage  which  will 
still  meet  the  final  amplifier  noise  requirement. 

To  characterize  the  noise  due  to  the  amplifier  alone,  i.e,,  the 

additive  noise,  it  becomes  necessary  to  exclude  from,  the  measurements  the 

noise  present  in  the  driving  or  source  signal.  In  this  regard,  a noise 

12 

measuring  system  as  described  by  Sann  can  be  used. 

Figure  23  shows  a simplified  block  diagram  of  the  noise  measurement 
system.  The  setup  is  realized  in  X -band  waveguide.  The  basic  system  consists 
of  the  reference  channel  A,  and  the  test  channel  B.  which  includes  the 
amplifier  under  test.  A single  Gunn  diode  source  provides  the  drive  signal 
to  the  amplifier  as  well  as  the  necessary  signals  to  the  other  channels. 

A balanced  mixer  is  used  to  down-convert  the  noisy  signal  in  test  channel 
B to  baseband.  Depending  on  the  quality  of  the  balanced  mixer,  the  AM  noise 
present  in  the  reference  signal  is  largely  suppressed.  The  output  of  the 
mixer  at  the  i . f . port  contains  the  additive  noise  near  the  carrier,  shifted 
down  in  frequency  by  the  carrier  frequency.  This  signal  is  amplified  and 
applied  to  the  input  of  the  tunable  wave  analyzer.  Channel  C is  used  to 
suppress  the  carrier  in  the  test  channel  (by  proper  leveling  and  phase 
shifting)  so  that  the  balanced  mixer  can  be  driven  with  a stronger  signal 
without  saturating  the  mixer  diodes.  Effectively,  this  raises  the  total 
system  sensitivity.  Finally,  channel  0,  the  calibration  channel,  is  used  to 
calibrate  the  system  by  injecting  a known  amount  of  modulation  into  the  test 
channel  and  observing  the  corresponding  meter  reading  on  the  wave  analyzer. 
During  calibration,  the  phase  shifter  in  reference  channel  A is  set  for  a 
maximum  reading  on  the  wave  analyzer.  For  AM  noise  measurements  the  phase 
of  the  calibration  channel  D is  set  so  as  to  produce  AM  sidebands  in  the 
test  channel  B.  This  is  checked  by  switching  the  signal  in  the  test  channel 
to  a crystal  detector  and  spectrum  analyzer,  and  adjusting  the  phase  of 
the  calibration  signal  for  maximum  output  from  the  crystal  detector. 
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Modu I a tor 


gure  23  AM  Additive  Noise  Measuring  Setup 


Figure  24  shows  the  results  for  the  additive  AM  noise  measurements 
for  the  driver  amplifier  at  9.4  GHz.  The  lower  curve  shows  the  measurement 
threshold,  i.e.,  the  systetr;  sensitivity.  This  curve  was  obtained  without 
the  test  amplifier  in  channel  B.  The  system  sensitivity  is  basically  limited 
by  the  noise  contribution  from  the  mixer  diodes,  the  noise  present  in  the 
Gunn  source,  and  the  noise  figure  of  the  i.f.  amplifier.  The  middle  curve 
shows  the  results  with  the  driver  amplifier  inserted  in  the  test  channel  B. 

As  Seen  from  the  curve,  the  AM  noise  power  (in  a 1 Hz  bandwidth)  to  carrier 
power  ratio  at  1 kHz  awa/  fronr  the  carrier  is  -136  dB.  At  200  kHz  away  from 
the  carrier  it  is  down  -149  dB.  The  top  curve  is  the  additive  noise  design 
goal  for  the  5 W amplifier. 

E . 3 dB  Hybrid  Coupler 

One  of  the  essential  components  for  a balanced  amplifier  is  a low  loss 
3 dB  hybrid,  which  is  used  for  power  combining  as  well  as  for  providing  a low 
return  loss  for  the  power  amplifier  stage.  Two  designs  were  investigated,  the 
tandem  90  hybrid  and  the  interdigital  90“  hybrid,  to  determine  which  exhibited 
the  best  overall  properties  with  regard  to  insertion  loss,  return  loss,  directiv- 
ity. and  amplitude  and  phase  tracking  'if  the  direct  and  coupled  ports  over  the 
frequency  range  of  interest. 

The  tandem  hybrid  is  composed  of  two  8.3  dB  edge-coupled  hybrids 
fabricated  on  a polished  0.25  min  alumina  substrate  (see  Figure  25). 

A 3 dB  hybrid  with  a single  edge-coupled  configuration  is  difficult  to 
produce  because  of  the  extremely  tight  spacing  tolerance  between  the 
coupled  lines,  so  the  tandem  approach  was  undertaken.  Using  OSM  coax  to 
microstrip  transitions  on  all  four  ports  of  the  test  fixture,  the  measured 
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Design  Goal  for 


4 


Figure  24  AM  Additive  Noise  Results  for  Driver  Amplifier 


Coup  I I ng 


outp'Jt  fron;  the  direct  and  coupled  ports  revealed  nearly  a 1 dB  insertion 
loss  (over  and  above  the  norinal  3 dB  power  split)  in  the  9 to  10  GHz 
frequency  range.  Although  it  is  advantageous  to  have  the  hybrid  fabricated 
on  0.25  mrn  alumina  so  it  will  be  compatible  with  the  substrate  height  of  the 
FET  matching  circuits,  the  insertion  loss  observed  with  the  tandem  approach 
was  larger  than  anticipated.  An  interdigitai  hybrid  design  was  therefore 
undertal^en. 

The  coupling  region  of  the  interdiqital  hybrid  consists  of  several 
parallel  microstrip  lines  with  alternate  lines  tied  together  (See  Figure  25). 
Due  to  tight  tolerances  on  the  spacings  between  lines,  the  interdigital 
hybrid  was  fabricated  on  polished  0.63  irini  alumina  instead  of  0.25  mm  alumina. 
As  seen  in  Figure  25.  the  insertion  loss  observed  at  the  coupled  and  direct 
ports  was  0.4  dB  in  the  frequency  range  of  9 to  12  GHz.  Figure  26  illustrates 
the  directivity  ( > 13  dB  from  7 to  12  GHz)  and  the  return  loss  ( > 15  dB 
from  7 to  12  GHz)  for  the  interdigital  hybrid.  On  the  basis  of  these  results, 
the  interdigital  approach  was  chosen  to  be  implemented  in  the  balanced 
amplifier,  due  to  its  superior  insertion  loss  characteristics. 

Future  work  on  the  3 dB  hybrid  will  involve  adaptation  to  the  final 
System.  The  isolated  port  could  be  altered  to  incorporate  an  internal 
termination  on  the  alumina  substrate.  The  insertion  loss  and  overall 
dimensions  can  be  reduced  by  shortening  the  input  and  output  lines.  Minor 
modifications  will  be  performed  as  necessary  for  optimal  performance. 
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Interdigilal  Coupled  and  Isolated  Ports  Response 

Vertical;  10  dB/d i v 
Horizontal;  500  MHz/div 

(a) 


Interdigital  Return  Loss 

Vertical;  10  dB/d  i v 
Horizontal;  500  MHz/div 

(b) 

Figure  26  Measured  Directivity  and  Return  Loss  for  3 dB  Interdigital  Coupler. 

(a)  Directivity;  (b)  return  loss  I 
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SECTION  IV 
SUMMARY  AND  PLANS 


» 


During  the  first  six  months  of  this  program,  GaAs  FETs  were  fabricated 
that  meet  the  performance  requirements  of  the  three-stage  driver  amplifier. 
Optimization  ot  6A00  um  gate  width  devices  for  the  power  amplifier  has  begun. 

Two  breadboard  driver  amplifiers  were  developed.  The  first  was  a four- 
stage  amplifier  that  delivered  I.58  W with  20  dB  gain  with  1 dB  bandwidth  of 
I GHz  (9  to  10  GHz).  The  amplifier  efficiency,  including  circuit  losses,  was 
14.9  . A three-stage  driver  was  built  using  more  nearly  optimum  devices.  This 
amplifier  delivered  1,3  W v;ith  19  dB  gain  and  20"/  efficiency  over  the  required 
frequency  band.  The  first  two  stages  of  this  amplifier  showed  excellent  per- 
formance, delivering  423  mW  with  14,3  dB  gain  at  36'  efficiency  over  the  8.4 
to  10.2  GHz  frequency  band.  Different  devices  will  be  used  in  the  final 
driver  amplifier  stage  in  order  to  meet  the  I . 58  W power  output,  20  dB  gain 
performance  goals. 

The  major  effort  planned  during  the  next  six-month  period  will  be  to 
develop  the  5 W,  5 dB  gain  FET  and  Read  diode  power  amplifiers.  Work  on  the 
FET  power  amplifier  will  begin  first  because  more  effort  is  expected  to  be 
required  to  fulfill  this  task.  This  is  to  be  a balanced  amplifier  combinirg 
two  3 W,  6 dB  gain  amplifieis  with  a hybrid  coupler.  Both  the  driver  amplifier 
and  the  power  amplifiers  will  be  tested  under  pulsed  conditions. 
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APPEND  IX 


DEVICE  DELIVERIES 


1>R8CSOIIO  PAQS  BUNK-NOT  Film 


Table  A2 


D iode 
Number 

GaAs  Read  Diodes 

De  1 ivered  to  NRL, 

January  1977 

F requency 
(GHz) 

Opera  t i ng 
Vo  1 tage 
..  . .(V) 

Outpu  t 
Power 

(w) 

Ef  f i c i ency 
(/) 

C27B-600I 

51.0 

3.0 

25.0 

9.2 

C27B-6002 

57.8 

3.1 

24.  1 

8.9 

C27B-6003 

59.0 

3.2 

22.3 

9.  1 

C27B-6004 

57.4 

3.4 

23.2 

9.0 

C27B-6005 

56.4 

3.2 

24.4 

9.0 

C27B-6006 

57.6 

3.9 

24.8 

9.0 

C27B-6007 

56.9 

3.4 

25.3 

9.0 

C27B-6008 

57.9 

3.3 

24.5 

9.0 

C27B-6009 

57.6 

3.2 

24.  1 

9.0 

C27B-6010 

55.0 

3.2 

27.4 

9.  1 

5^ 


Table  A4 


GaAs  Read  Oiodec 

De  1 i vered 

to  NRL,  March  1977 

D iode 
Number 

Opera  t i ng 
Vo  1 taqe 

Cv) 

Output 
Powe  r 
(W) 

Ef f i c i ency 

(7) 

F requency 
(GHz) 

C27B-60I 1 

3 1 . 0 

3.2 

22.5 

8.7 

C27B-6012 

58.3 

3.3 

23.4 

9.0 

C27B-6013 

59.  1 

3.4 

2 1.8 

9.  1 

C27B-60I4 

59.5 

3.7 

23.0 

8.9 

C27B-6018 

55.5 

3.2 

26.5 

9.3 

C62B-6020 

44.7 

3.4 

17.0 

10.3 

C87B-602  1 

53.5 

4.0 

19.6 

8.9 

C87B-6O23 

45.3 

4. 1 

19.9 

8.5 

C5IB-6O3I 

51.9 

4.  1 

16.3 

9.5 

C5IB-6033 

52.0 

4.2 

20.2 

9.4 

C5IB-6034 

55.9 

3.8 

16.3 

9.4 
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Naval  Weapons  Center 

Attn:  Mr.  Joseph  A.  Mosko,  Code  35203 

Cliina  I.ake,  California  93555 


1 


1 


1 


1 


1 


1 


Commandi'r 

Naval  llli'fl  roai  CK  Laboratory  Center 

Attn;  Library 

297  Catalina  Boulevard 

San  Diego,  Calitoinia  92132 

Coimnander 

Naval  Shi]ir.  laigi  necring  Center 
Attn:  Code  bl37D 

Prince  Georges  Center 
llyattsvil  le  , Maryland  20782 

Coirnnander 

Naval  electronic  Systems  Coiimiand 
Engineering  Office 
U . S . Nava  1 Station 
Attn;  Mr.  M.  W.  McLcrran 
Norfolk,  Virginia  23511 

Commander 

U.  S.  Army  Electronics  Comiirand 

Attn;  DllSEL-TL- 1C , Mr,  V.  G.  Gclnovatc.h 

Fort  Monmouth,  New  Jersey  07703 

Comn'.anding  Officer 

Harry  Diamond  laboratories 

Advanced  Ke search  Laboratory 

Attn:  A/KD0-Wu\,  Mr.  H.  W.  A.  Gcrlach 

Washington,  D.C.  20438 


Commander 

Air  Force  Avionics  Lalioratory 
Attn:  Mr.  K,  L.  Kemski 

Wright  Patterson  Air  Force  Base,  Ohio  45433 
Conr.uindcr 

Air  Force  Avionics  Laboratory 
Attn:  Mr.  T.  Ketnerley 

Wright  Patterson  Air  Force  Base,  Ohio  45433 
Conmujnder 

Air  Force  Avionics  Laboratory 
Attn;  Mr.  C.  Dnang 

Wright  Patterson  Air  Force  Base,  Ohio  45433 
Commaiide  r 

Rome  Air  Deve  loi'Uicnt  Center 

Attn:  Mr.  It.  II.  Chi  1 ton 

Griffiss  Air  Force  I'.ase,  Ni;w  York  13441 


# or  coi 


Diii'iliir  ul  l)i  li'ii:;c  Ki-yrarcli  and  lOij'.i  lut  r j iic, 

At  In:  I.ibiary  1 

Room  301030,  'Hk-  I’ciitaRon 
Watihi  nj’.t  on , U.C.  20301 

Do  f onai’  AtlvanciHl  Rosi-arch  riojt'cLs  Af;ency 


At  la:  Hr.  Richaiii  RoyaoKls 

lAOO  WLlcon  lloulivanl 
Aril  ay  Lon,  Vivy.inia  22309 

I)i  roc  t or 

U.  S.  Army  Ballistic  Mittsilc.  Defense 
Ailvanci  il  'J'oclmol  oy.y  Ci-nLor 
Attn:  ATC-R,  Mr.  G,  Joiu-s 

1’,  0.  Box  1300 
liunLsvillo,  Alahatna  35807 

Dr.  R.  Walter  Cox 
Ceoryia  Instiltite  of  Technol  oy.y 
Ijiy, inoerinj;  KxporinenL  Sfation 
Atlanta,  Georgia  30332 

Dr.  Geory.e  I.  llaililad 
Dili vori-.iLy  of  Michii'.an 
Kli'cirical  i.nr.i  iil-i  r i ny,  Dopar  LtVien  I 
Arm  Arbor,  Michip,ai.  48104 

Dr.  Walter  Kn 

Cornell  University 

Ulectrical  Uny.iiieer  i ii};  Departnient 

I’hillips  Hall 

Ithaca,  lA'W  York  14850 

Acrtech  Imlastries 
825  .Stewart  Drive 
Sunnyvale,  Lalilornia  94080 

Communii  a t i on  Transistor  Coiporation 
Attn:  Dr.  W.  II.  Wei  si  nberj-,i  r 

301  Indusliial  W.iy 
San  Ctirlos,  Calilornia  95051 

llewl  et  t-l’ackai'il  Company,  Inc. 

Attn:  Dr.  B.  Her  son 

III’A  Divi:-if>n 

640  I’.tj;e  Mi  1 1 Road 

I’alo  A Ho,  California  94304 

Hcwlet  1 -I’acUard  Company,  Inc. 

At  t n:  Dr,  C.  l.iei  lit  i 

1501  Pay.e  Mill  Road 

I’alo  Alto,  Calilornia  94304 


1 


1 


1 


1 


1 


1 


1 


1 


1 
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Hughes  Aircr.il  t Company 
Hughes  Reseai'ch  I.ahoratofics 
Attn:  Dr.  C.  Ladd 

301  htalib\i  Canyon  Road 
Malibu,  California  90265 

Raytiicon  Company 

Research  Division 

Attn:  , Robert  I’ucel 

26  Reyon  Rtieit 

Walt). am,  Massachusetts  02  1 5A 

Varian  Associates 

Attn:  Dr.  li.  i'ank 

611  Hanson  Way 

Palo  Alto,  California  94304 

Watkins-.Iohnson  Company 
Attn:  Mr.  Martin  C.  Walker 

3333  Hillview  Avenue 
i ' lo  Alto,  California  94304 

Westinghouse  Research  Lahoraturies 
Attn:  Dr.  11.  C.  t.athanson 

Beulah  Road 

Pittsburgh,  Poimsylvania  15235 

Mr.  H.  Velsor 
Veda,  Inc. 

1911  Jefferson  Davis  Highway 
Arlington,  Virginia  22202 

Westinghouse  Electric  Corporation 
Defense  and  Electronic  Systems  Center 
Attn:  Dr.  Thomas  M.  Eppingcr 

Box  746,  M.S,  339 
Baltimore,  Maryland  21203 

Alpha  Industries,  Inc. 

Attn:  Mr.  Martin  Reid 

20  Sylvan  Road 

Woburn,  Mnssacliusetts  01801 

Hughes  Aircraft  Company 
Attn;  Dr.  T.  Midford 
Torrance  Research  Centi'r 
3100  West  Lomila  Blvd 
Torrance,  California  90509 


# OF  COI'ICS 


Rockwell  International  Science  Center 

Attn:  Ur,  Dan  Cli'en  1 

1049  Catnino  Dos  Rios  (I’.O,  Box  1085) 

Thousand  Oaks,  California  91360 

RCA  l.ahorat  ori  cs 

David  Sainoff  Research  Center  1 

Attn:  Dr.  V.  Narayan 

Princeton,  New  Jersey  08540 

Dr.  Jeffrey  Frey 

Cornell  University  1 

Electrical  Enginccriin;  Departisent 

Phillips  Hall 

Ithaca,  New  York  14850 

The  Narda  Microwave  Corporation 

Alin:  Dr.  John  F.iscnbery  1 

2900  Coronado  Drive 

Santa  Clara,  California  95051 
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